Glycoprotein B (gB) is the most conserved component of the complex cell-entry machinery of herpes viruses. A crystal structure of the gB ectodomain from herpes simplex virus type 1 reveals a multidomain trimer with unexpected homology to glycoprotein G from vesicular stomatitis virus (VSV G). An a-helical coiled-coil core relates gB to class I viral membrane fusion glycoproteins; two extended b hairpins with hydrophobic tips, homologous to fusion peptides in VSV G, relate gB to class II fusion proteins. Members of both classes accomplish fusion through a large-scale conformational change, triggered by a signal from a receptor-binding component. The domain connectivity within a gB monomer would permit such a rearrangement, including long-range translocations linked to viral and cellular membranes.
H erpes simplex virus type 1 (HSV-1) is the prototype of the diverse herpesvirus family, which includes such notable human pathogens as cytomegalovirus (CMV), Epstein-Barr virus (EBV), and Kaposi_s sarcomaassociated herpesvirus (KSHV). Herpesviruses have an envelope, an outer lipid bilayer, bearing 12 surface glycoproteins. To deliver the capsid containing the double-stranded DNA genome into the host cell, HSV-1 must fuse its envelope with a cellular membrane. Among viral glycoproteins, only gC, gB, gD, gH, and gL participate in viral cell entry, and only the last four are required for fusion (1) (2) (3) (4) . All herpesviruses have gB, gH, and gL, which constitute the core fusion machinery (5) . Of these, gB is the most highly conserved.
The virus attaches to a cell through a nonessential interaction of gC with heparan sulfate proteoglycan and through an essential interaction of gD with one of three cellular receptors: nectin-1, herpesvirus entry mediator (HVEM), or a specifically modified heparan sulfate (6) . Crystal structures of the soluble ectodomain of gD, unbound and in complex with the ectodomain of HVEM (7, 8) , show that binding of gD and receptor causes the former to undergo a conformational change in which a C-terminal segment of the ectodomain polypeptide chain is released from a strong intramolecular contact.
The liberated C-terminal segment may interact with gB or the gH/gL complex to trigger molecular rearrangements and, ultimately, fusion. The precise functions of gB and gH/gL are unknown. Both are required for entry, and either or both presumably receive the signal from gD and respond by undergoing a conformational change; gD itself is thought not to participate in the fusion process (9, 10) . Neither gB nor gH/gL has an obvious fusion peptide, but an indication that gB might be a fusion effector comes from the notable syncytial phenotype caused by certain mutations within the cytoplasmic domain of gB (1, (11) (12) (13) .
HSV-1 gB is a 904-residue protein.
In the work reported here, we determined the crystal structure of a nearly full-length ectodomain of gB, residues Asp 103 to Ala 730 (14) (Fig. 1) . Various features of the structure suggest that it is a fusion effector, an inference strengthened by its notable and unanticipated similarity to the structure of the fusion glycoprotein Gr of vesicular stomatitis virus (VSV), described in an accompanying paper (15) . Domains that Fig. 1 . Images were generated with the use of MOLSCRIPT (27) and SPOCK (28) .
cover the lateral surfaces of the gB spike are suspended by extended segments of polypeptide chain from the membrane-distal end of the molecule (Fig. 1) , suggesting a mechanism for a fusogenic conformational change.
The crystal structure of the HSV-1 gB ectodomain, refined at 2.1 ) resolution, contains three protomers designated A, B, and C. Disordered regions correspond to È10% of the polypeptide chain. Trimeric gB is a spike with approximate dimensions of 85 ) by 80 ) by 160 ). The bulk of each protomer, residues Ala 111 to Thr 669 , coils around the others with a left-handed twist (Fig. 1) . Each protomer extends a C-terminal arm from one end of the molecule to the other, inserting it into the junction between the other two protomers (Fig.  1) . There is no trimerization domain per se; instead, multiple contacts between protomers throughout the molecule contribute to trimer stability. The 10 cysteines per subunit form five disulfide bonds, all intramolecular. Their pairwise assignments in our structure agree with those previously determined by mass spectrometry for a homologous HSV-2 gB (16) .
Each protomer can be divided into five distinct regions or domains: I, base; II, middle; III, core; IV, crown; and V, arm ( Fig. 1 and fig. S1 (Fig. 1) . It has the fold characteristic of a pleckstrinhomology (PH) domain (17, 18) , a b sandwich composed of two nearly orthogonal b sheets of four and three strands, respectively (Fig. 2) . In cytoplasmic signaling pathways, proteins with this fold serve as scaffolds to allow phosphoinositide and peptide binding. The helix that in a canonical PH domain normally covers one opening of the b sandwich is replaced in domain I by a long loop and short helix. An insertion of residues Tyr 165 to Ile 272 between strands b4 and b11 creates a curving subdomain at the base of the trimer (Fig. 2 ). This latter subdomain consists of a four-strand b sheet (with three long strands and one short strand), the convex side of which is covered with an a helix, a b hairpin, and a short two-strand b sheet. This subdomain has no previously described structural relatives (19) . Domain II comprises two discontinuous segments, residues Tyr 142 to Asn 153 and Cys 364 to Thr 459 ( Fig. 1) . At its center is a six-strand b barrel reminiscent of the PH superfold, with strand b5 of the canonical PH domain missing (Fig. 2) . In its place, there is a helix-strand insert on the outer face of the barrel. The entire domain I is inserted between strands b3 and b17, the first and second strands of domain II. Residues Leu 460 to Ser 491 in protomers A and C and residues Glu 462 to Ser 491 in protomer B are disordered. Tryptic cleavage between Arg 474 and Lys 475 has probably destabilized this loop, which lies on the outer margin of domain II and which is the locus of a posttranslational cleavage in some herpesviruses, such as HCMV (20) . The loop is at least partially ordered in crystals of uncleaved gB ectodomain (14) . Domain III contains three discontinuous segments, residues Pro 117 to Pro 133 , Ser 500 to Thr 572 , and Arg 661 to Thr 669 (Fig. 1 ). It has a long, 44-residue a helix followed by a short helix and a small, four-strand mixed b sheet. The long helix and its trimeric counterparts form the central coiled-coil. Residues Arg 661 to Thr 669 of the outer b strand do not belong to the same polypeptide chain but instead to a neighboring protomer. This region, which is not a domain in the strict sense of an independent folding unit, contributes many of the essential trimer contacts.
Domain IV comprises two discontinuous segments, residues Ala 111 to Cys 116 and Cys 573 to Ser 660 (Fig. 1) . These segments are linked by a disulfide bond, C1 to C8. This domain has no previously described structural relatives (19) . Domain V, residues Phe 670 to Ala 725 , stretches from top to bottom of the molecule as a long extension (Fig. 1) . Residues in this segment have no contact with the rest of the polypeptide chain of the same protomer but rather fit into the groove between the core domains of the other two protomers, probably reinforcing the trimer interactions.
gB is the most conserved herpesvirus entry glycoprotein ( fig. S2 ). Our structure accounts well for the regions of high and low sequence variation. Thus, the structure of HSV-1 gB can be taken to represent the structure of all herpes- Figure 3 shows several epitopes of neutralizing monoclonal antibodies against HSV and HCMV. All epitopes map to the surface, along the lateral faces of the spikes and on the tip of the crown. Although the majority of the epitopes are located far from either end of the molecule, two virus-neutralizing monoclonal antibodies to HSV, both of which recognize the same epitope, map to domain IV, directly on the crown end (21) (Fig. 3) . In addition, residues Pro 575 to Gln 658 are homologous to antigenic domain 1 in HCMV gB, which is a dominant neutralizing epitope (22) . Thus, we propose that on the surface of the virions, gB is oriented such that domain IV is fully exposed.
The gB ectodomain fragment we have analyzed lacked residues Ala 31 to Arg 102 and Met 731 to Asn 773 . Trypsin cleavage before crystallization separates residues Ala 31 to Arg 102 , which are poorly conserved and relatively unstructured, from the rest of the molecule, probably because this segment, which contains a heparan sulfate interaction site (23), is not firmly anchored. We have determined a lower resolution (3.5 )) structure of an uncleaved ectodomain trimer, residues Ala 31 to Ala 730 (14) ; the conformation of residues Thr 109 to Ala 725 is essentially the same as in the crystals of trypsintreated ectodomain, and the residues Ala 31 to Asn 108 are disordered. The membrane-proximal region of the intact ectodomain, residues Met 731 to Asn 773 , is very hydrophobic. This characteristic suggests that it lies against the membrane, perhaps forming a pedestal for the rest of the trimeric ectodomain.
The complex architecture of the gB ectodomain identifies it as a homolog of VSV G, described in the accompanying paper (15) . The VSV G ectodomain is smaller and more compact than gB, but the individual domains are structurally homologous ( fig. S3 ) and their spatial relations correspond remarkably closely. The most obvious similarities include the elongated structural element that includes domains I and II of gB (corresponding to domains IV and III, respectively, in VSV G), the PH domain-like fold of domain II (domain III in VSV G), the central helix of domain III of gB (domain II of VSV G), the order of strands of gB domain IV (domain I of VSV G), and the location of the C terminus adjacent to the putative fusion loops.
G, the sole surface protein on VSV, is the viral fusogen. It contains an internal fusion loop, identified by membrane photolabeling experiments (24) as the segment corresponding to the tip of our domain I. G undergoes a reversible, fusion-activating conformational change at low pH; the structural correlates of this change have not yet been mapped. The similarity to VSV G strongly suggests that gB is the effector of fusion in herpesviruses and that aspects of the fusion mechanisms proposed for other viral fusion proteins apply. The two loops at the tip of domain I, corresponding to the fusion peptide segments in VSV G, contain hydrophobic residues, including an exposed phenylalanyl side chain and a tryptophanyl side chain that could rotate into an exposed position (Fig. 2) . This tip could insert into the interface between head groups and hydrocarbons in a lipid bilayer, in the same way that the class II viral fusion loops insert (25) . Nevertheless, the conformation of the fusion loops appears suboptimal for membrane insertion, and we anticipate that local conformational changes will expose more hydrophobic residues.
An important characteristic of viral fusion effectors is triggered conformational rearrangement. In most cases, the transition is irreversible, and the structural change dramatic. Because the VSV G transition appears to be reversible and because the protein is a trimer in both states, the structural differences between the two states might be less striking. The structure of VSV G described in the accompanying paper is probably the postfusion form. Which state of gB does our structure represent? The epitopes for neutralizing antibodies all map to the surface of the protein in the conformation present in our crystals (Fig. 3) . In particular, the major neutralizing epitope for HCMV gB lies on the outer face of the crown (domain IV). Neutralizing antibodies should recognize the prefusion conformation of gB, and we might expect that at least some of the epitopes would be absent from the surface of the protein in a postfusion conformation. Nonetheless, a number of other features suggest that our structure represents a postfusion state, consistent with its similarity to the low-pH form of VSV G. The critical characteristic of all postfusion structures, in both class I and class II fusion proteins, is adjacency of the fusion peptide and the C-terminal transmembrane anchor. The fusion peptide inserts into the target-cell membrane; the transmembrane anchor crosses the viral membrane, and the transition to proximity forces the two membranes together. The putative gB fusion loops are indeed adjacent to the C-termini of the polypeptide chains of the fragment we have crystallized, but there are about 45 additional residues not present in the expressed fragment that intervene between its terminus and the transmembrane segment. Uncertainty about the disposition of this intervening peptide thus makes it difficult to conclude where the transmembrane anchor will be relative to the tip of domain I. The peptide could be analogous to the stem of flavivirus fusion proteins: a hydrophobic element that forms a pedestal against the membrane in the prefusion state and zips up along the trimer in the transition to a postfusion state.
Some unusual features of the gB structure suggest that it has evolved to unfold and refold like other viral fusion proteins. Do- (21, (30) (31) (32) . Group 2 contains epitopes in HSV-1 gB identified by peptide mapping using enzyme-linked immunosorbent assays (ELISAs). These are residues Ala 390 to Gly 410 (mAb H1838), shown in cyan; residues Pro 454 to Ser 473 (mAb H1781), shown in yellow; and residues Ser 697 to Ala 725 (mAbs SS106 and SS144), shown in orange (14) . Group 3 contains epitopes in HCMV gB identified by peptide mapping using ELISAs. These correspond to HSV-1 residues Pro 593 to Val 602 , Ala 629 to Thr 642 (mAbs ITC48, ITC52, ITC63B, and ITC63C), and Glu 631 to Val 648 (mAb 7-17), all shown in purple (33, 34) . The orientations were chosen to show all the epitopes and were derived from the orientation in Fig. 1 by rotating the molecule about the vertical axis by È45-to the left. mains I and II, which decorate the lateral surface of the trimer, are suspended from the rest of the molecule by curiously extended polypeptide segments ( Fig. 1 and Fig. 4) . Moreover, they trap the almost fully extended domain V of another monomer. The segment that leads downward into domain II is anchored at the top by a disulfide bond to the coiled-coil, C2 to C7. The segment that leads out of domain II and into the coiled-coil contains the long disordered loop that is cleaved in CMV. These two linker segments would permit large motions of the domain I-II fusion module, as suggested in the diagram (Fig. 4) . The putative fusion loops at the tip of this module could swing through a substantial arc.
Despite the notable homology between gB and VSV G, the two proteins have some functional differences. Unlike VSV G, gB alone is not sufficient for viral entry; all herpesviruses also require gH and gL. The trigger for HSV fusion is, at least in part, the rearrangement of gD induced by receptor binding. Receptor-mediated release of the gD C terminus would allow it to contact another HSV glycoprotein involved in entry, e.g., the peripherally located, PH-like domains I and II of gB. It is possible that gH/gL restrains gB in a prefusion state; the exposed gD C terminus might then interrupt this inhibitory contact at least in the case of alphaherpesviruses. Whatever the mechanism, the structure of gB identifies it as the fusogen and shows it to have the properties needed for a fusion-promoting conformational rearrangement.
